Abstract. The establishment of the coupled numerical model which enable to simulate the spherulite formation and its mechanical behavior continuously is our final goal. In this paper, we have developed Phase-field model for spherulte growth of polymer by generalizing the model proposed by Granasy et. al.. The numerical simulations for single spherulite and multi-sperulites have been performed with isotropic interface energy.
Introduction
To enable the wide use of semicrystalline polymers as structural materials, it is indispensable to establish a numerical model which can predict the macroscopic mechanical behaviors taking its microstructures into consideration. Tomita and Uchida [1] , who are members of our group, have proposed a multiscale model relating micro-to mesoscopic deformation behavior of semicrystalline polymers by employing the homogenization method and have clarified the characteristic deformation behaviors of semicrystalline polymers in 2D problem. Furthermore, they have generalized their 2D model to 3D model in order to represent the complex 3D structure of lamellae within the spherulite [2] .
Although, as mentioned above, the sophisticated multiscale models have been developed, the initial spherulite morphology with a radial arrangement of thin lamellae is an input data and assumed. The deformation properties of structural polymers are intimately related to the crystallized morphology [3] [4] [5] [6] , which passes from a single crystal to the spherulitic structure with increasing supercooling [7] and of which the spherulite is classified into some types depending on the crystallization temperature [8] . Therefore, in order to make possible more comprehensive investigation considering the difference of microstructure, it is crucial to establish a coupled numerical model of the mechanical property and morphological formation.
Surprisingly few numerical studies have so far been made at the spherulite formation considering microstructure, although there are many studies about crystallization kinetics based on JMAK model [9, 10] . Raabe [11] enabled a mesoscale simulation of spherulite growth using a Cellular Automato. However, the results are also limited to the evaluations of crystallization kinetics. Kyu et. al. [12] [13] [14] developed phase-field models for crystalline polymer with simple shape. Very recently, Mattozzi et. al. [15] simulated the formation of spherulite like structure with a lattice Monte Carlo based random walk. Although this model include lengthening, branching and twisting of the lamellar and visually good 3D spherulite structure is reproduced, it is seemed that it needs many assumptions. Granasy et. al. [16, 17] successfully apply phase-field model for polycrystalline solidification to the simulations of various complex morphologies including spherulie. However, their results are for a metallic alloy.
Our final goal is to construct the coupled numerical model which can simulate the morphology formation and the examination of mechanical property continuously. In this paper, we derive phase-field model for polymer spherulite by generalizing the model proposed by Granasy et. al. [16, 17] . 
Phase-Field Model
We start our model from following free energy functional [18] :
where, φ is phase field which equals zero in the liquid phase and unity in the solid phase, T is temperature, θ is normalized crystallographic orientation with the interval [0,1], and α(ψ) is the gradient coefficient depending on the angle ψ between interface normal and x-axis. f(φ) is the free energy density in bulk and we employ normal double well type function
where, W is the barrier height, f sol (T) and f liq (T) are the free energy densities inside solid and liquid, respectively, and we use the free energy difference
Here, L is the latent heat and T m is the melting point. p(φ) and q(φ) are the energy interpolating function and the double well function, respectively, and we employ p(φ) = φ 3 (10-15φ +6φ 2 ) and q(φ) = φ 2 (1-φ)
2 . In Eq.1, G(φ, |∇θ |) represents the excess free energy density due to the presence of misorientation at the solid-liquid interface and grain boundary. This term enables to simulate the branching phenomenon of fibrous ribbon or secondary nucleation. Here, the equation
is selected. Here, s is a positive constant which determines the amount of excess energy due to the misorientation. g(φ) is the monotonically increasing function satisfying g(1) = 1 and g(0) = 0 to eliminate the misorientation effects in liquid phase. Furthermore, in order to enable the incorporation of the orientation of liquid phase, we chose g(φ) = φ 3 (10-15φ +6φ 2 ). The interface energy between fold surface of lamella and supercooled melt is almost one order greater than that of lateral surface [19] . Such large difference of interface energies is modeled by adopting the following equations for the gradient coefficient: 
Here, γ is the strength of anisotropy, k is the anisotropic mode, α is a constant and θ m is the first missing orientation angle. If γ < (k 2 -1), α(ψ) = α 1 (ψ) for all ψ. The time evolution equations for φ, θ and T are obtained as follows:
( )
where, t is time, κ is the thermal diffusivity, and c is the specific heat. M φ and M θ are mobility for phase field φ and orientation θ, respectively. The mobility M φ determines the crystallization rate and is derived from the kinetic theory [19] . The mobility M θ is related to the rotational diffusion which is the function of viscosity. Both mobility depend on temperature, and the ratio M θ /M φ determines the degree of second nucleation, or branching. By considering the 1D equilibrium condition at T = T m and the steady growth condition, we can get following relations for the interface thickness δ, interface energy σ, and the constant interface velocity
where, λ is a minimum value of interface region, such as λ = 0.1. Although, from Eq.9, the interface energy changes with the misorientation angle ∆θ, we eliminate the misorientation dependency on the interface energy σ by setting very small value of s. Then, from Eq.7, the constant s relates to only the rate of reorientation.
Numerical Simulations and Results
The (8) is not solved. The value of M φ is determined by assuming V = 0.1 µm/s [11] and T = 412 K. The radius of initial nucleus is set to be 6∆x and is placed at center of computational domain for single spherulite growth problem. The initial distributions of orientation are perfectly random in the range [0, 1] in both liquid and nuclei [16] . Figure 2 indicates the effects of ratio M θ /M φ on the single spherulite growth. The computational domain is 6× 6 µm (600× 600 grids). It is observed that the thicker and longer crystals grow within spherulite with increasing the ratio M θ /M φ , because the generation of the second nucleation is difficult to occur as M θ becomes larger. Figure 3 shows time slices for multi-sperulites growth. The domain is set to be 12 × 12 µm (1200 × 1200 grids) and M θ /M φ = 40. Twenty-nuclei generate simultaneously at the initial (site saturated nucleation model). All nuclei grow and impinge on the neighbor spherulites with time. Finally, all regions are filled with spherulite morphologies. Although these results are for the isotropic interface energy, the obtained morphologies are very similar with experimentally observed ones, e.g. Fig.1 of Ref. [20] . 
